r The calcium-activated chloride channel TMEM16A provides a pathway for chloride ion movements that are key in preventing polyspermy, allowing fluid secretion, controlling blood pressure, and enabling gastrointestinal activity. r Here we show that a low proton concentration reduces TMEM16A activity while maximum activation is obtained when the external proton concentration is high.
Introduction
Cloning of Ca 2+ -activated Cl − channels (CaCCs) established that TMEM16A is a major subunit of the channel (Caputo et al. 2008; Schroeder et al. 2008; Yang et al. 2008) . Thus, molecular studies directed to understand the pathological and physiological processes regulated by Cl − conductance via TMEM16A are now possible. We now know that TMEM16A plays a fundamental role in the trans-epithelial fluid transport responsible for fluid secretion of exocrine glands, participates in skeletal and smooth muscle contraction, and regulates gastrointestinal contraction and insulin secretion as well as cell migration and proliferation (Large & Wang, 1996; Hartzell et al. 2005; Duan, 2009; Romanenko et al. 2010; Duvvuri et al. 2012; Qu et al. 2014; Matchkov et al. 2015; Xu et al. 2014; Whitlock & Hartzell, 2016b) .
The gating of TMEM16A is a complex process (Contreras-Vite et al. 2016) . It results from the interaction between the binding of intracellular Ca 2+ , membrane depolarization (Arreola et al. 1996; Nilius et al. 1997; Kuruma & Hartzell, 2000) , and permeant anions (Qu & Hartzell, 2000; Pérez-Cornejo et al. 2004; Xiao et al. 2011; Reyes et al. 2014) . Additionally, long depolarizing voltage pulses reveal fast and slow gating mechanisms in TMEM16A (Cruz-Rangel et al. 2015) .
CaCC activity is modulated by intra-and extracellular proton concentration (Arreola et al. 1995; Qu & Hartzell, 2000; Chun et al. 2015) , just like other Cl − channels such as the cystic fibrosis transmembrane conductance regulator (CFTR) (Chen et al. 2009 ), volume-sensitive Cl − channels (Hernández-Carballo et al. 2010) , voltage activated chloride channel 2 (CLC-2) (Niemeyer et al. 2009; Sánchez-Rodríguez et al. 2012; De Jesús-Pérez et al. 2016) and endogenous inwardly rectifying Cl − currents in mouse parotid acinar cells (Arreola et al. 2002) . The mechanism by which intracellular protons inhibit the TMEM16A I Cl has been studied. In whole cell, intracellular acidification inhibits I Cl (Arreola et al. 1995) as a result of competition between protons and Ca 2+ for the activation binding site located in the Ca 2+ pocket of the channel (Chun et al. 2015) . In contrast, the effects of extracellular protons are not well understood. So far we know that the endogenous CaCCs from Xenopus laevis oocytes are inhibited when the [H + ] o is decreased from 10 −7.0 to 10 −9.5 M in a membrane voltage (V m )-dependent manner (Qu & Hartzell, 2000) . Modulation of ionic transport mechanisms by extracellular protons could be important in pathophysiological conditions since changes in proton concentration occur during cellular injury, ischaemia or tumour progression (Chiche et al. 2010) . Furthermore, fine tuning of TMEM16A activation by extracellular protons in micro-domains may be particularly relevant in tissues such as the brain (Chesler, 2003) , retina (Dmitriev & Mangel, 2001 Newman, 1996) , or epithelial cells (Rechkemmer et al. 1986; Harris et al. 1994; Chu & Montrose, 1995; Chu et al. 1999; Maouyo et al. 2000; Sandoval et al. 2011) where these channels are expressed (Yang et al. 2008; Davis et al. 2010; Sondo et al. 2014) .
To understand the regulation of TMEM16A by extracellular protons, a complete proton profile is required, as well as determining the molecular elements that confer proton dependency. In this work, we show that extracellular protons affect TMEM16A function and that this regulatory process is fundamental to enable channel activity. Furthermore, we find that residue glutamic acid 623 (E623) is critical for the proton sensitivity of the channel.
Methods

Cell culture, channel expression and mutagenesis
The wild type (WT) mouse TMEM16A ac variant cloned into a bi-cistronic vector for mammalian expression (pIRES II-EGFP, Clontech, Mountain View, CA, USA) was stably transfected in human embryonic kidney cell line HEK-293 as previously described (Cruz-Rangel et al. 2015; Contreras-Vite et al. 2016) . Cells were maintained in Dulbecco's modified Eagle's medium (DMEM) supplemented with 10% fetal bovine serum, 2 mM L-glutamine and 1 mg ml −1 Geneticin at 37°C in a 95% O 2 -5% CO 2 atmosphere. Site-directed mutagenesis was performed on TMEM16A ac with a C-terminal enhanced green fluorescent protein (EGFP) tag in a pEGFP vector using the Quick Change mutagenesis kit (Agilent, Santa Clara, CA, USA) and confirmed by DNA sequencing. HEK-293 cells were grown to 70-80% confluence and transiently transfected with 1 μg cDNA of the respective cDNA using the Polyfect transfection reagent (Qiagen, Valencia, CA, USA), according to the manufacturer's instructions. Unless otherwise stated, after 12 h of transfection, cells were re-plated onto 5 mm glass coverslips and allowed to attach for at least 4 h before recordings. For inside-out patch-clamp experiments, cells were plated onto 5 mm glass coverslips pretreated with 0.1 mg ml −1 poly-L-lysine.
Electrophysiological recordings
Transfected HEK-293 cells were identified by their fluorescence when illuminated with blue light (ß488 nm) due to expression of the green fluorescent protein. Current recordings were carried out at room temperature (21-23°C) using the whole-cell or inside-out configurations of the patch-clamp technique with an Axopatch 200B amplifier (Molecular Devices, Sunnyvale, CA, USA). The voltage protocol consisted of a holding potential of −60 mV followed by voltage steps from −100 to +160 mV in 20 mV increments lasting 0.5 s, and then a repolarizing step to −100 mV. The time interval between pulses was 7 s. Data acquisition and generation of voltage protocols were carried out using a Digidata 1550 interface (Molecular Devices). Whole-cell currents were filtered at 5 kHz and digitized at 10 kHz using the software pCLAMP 10 (Molecular Devices). Micropipettes were pulled from Corning 8161 glass capillary tubes (Warner Instruments, LLC, Hamden, CT, USA) using a PP830 electrode puller (Narishige, Tokyo, Japan). Pipette resistances ranged from 3 to 6 M for whole-cell recordings and from 1 to 3 M for inside-out patches. A 3 M KCl agar bridge was used to earth the recording chamber.
Concentration-response curves to intracellular calcium
We obtained a full concentration-response curve from a single patch. Inside-out patches held at +60 or +100 mV were exposed to [Ca 2+ ] i ranging from 0 to 12 μM ( 
Homology model
To pinpoint the putative location of residues involved in proton sensing, we generated a homology model of TMEM16A based on the structure of nhTMEM16 (Brunner et al. 2014) . The mouse TMEM16A sequence was submitted to the Phyre2 Protein Fold Recognition Server (Kelley & Sternberg, 2009 ). Secondary structure prediction was incorporated into the alignment with Phyre2 (and all of the other modelling servers used for comparison including Swiss-Model and Tasser). The mTMEM16A sequence was truncated to 851 residues by deleting the extreme N-and C-termini and then it was aligned to the nhTMEM16 sequence extracted from PDB ID 4WIT (truncated to 594 residues). There is a 16% sequence identity between these two proteins. In the alignment, 14 large gaps were introduced, primarily at the N-and C-termini and in the loops between secondary structural elements, thus leaving 551 aligned residue pairs. The overall root mean squared deviation (RMSD) of the final alignment was 0.978Å with a score of the model reliability (Q-score) of 0.543 and standard deviation of the mean (SDM) (cutoff 5. with a proton concentration of 10 −5.5 or 10 −9.0 M and the cells were again repetitively stimulated (100 times). The currents obtained with each proton concentration were averaged to obtain the mean current (Ī). The time-dependent variance (σ 2 ) corrected for channel rundown was calculated as described by Pusch (2006) :
where N is the number of traces and I i+1 (t) and I i (t) are two consecutive time-dependent current traces. Background σ 2 at −60 mV was subtracted. To obtain the single-channel current (i) and the number of open channels (N o ), we fitted the σ 2 -Ī plots to the following function:
Then we estimated the open probability (P o ) using the equation:
Data analysis
All data were analysed and plotted using pCLAMP 10 (Molecular Devices) and Origin 10 (Origin Lab, Northampton, MA, USA). The experimental data are presented as means ± SEM. The arrows on the left side of the current sets in the figures indicate the zero current level. I Cl vs. V m curves were constructed using the I Cl values at the end of each depolarizing pulse normalized to the I Cl magnitude recorded at +160 mV in the same cell. The reversal potential (E r ) values were determined from interpolation of the I Cl vs. V m plot. The Cl − conductance (G Cl ) was calculated as:
Time constants of activation (τ on ) and deactivation (τ off ) were determined by fitting the onset and decay of I Cl traces, respectively, with a mono-exponential function:
The effect of different extracellular proton concentrations on I Cl was quantified in cells exposed first to control solution containing 10 The magnitude of the current at each V m and pH was measured. Then the current at pH X (I Cl,pHx ) measured at different voltages was normalized using the current at pH = 7.3 (I Cl,pH7.3 ) obtained at +160 mV in the same cell. Normalized current ratios were plotted against V m to construct normalized I Cl vs. V m curves at different proton concentrations. To determine proton dependence we obtained from the same cell the current ratio at all voltages and plotted I Cl,pHx /I Cl,pH7.3 against the [H + ] o . Likewise the V m dependence of proton regulation was obtained by plotting I Cl,pHx /I Cl,pH7.3 vs. V m . Finally, we analysed the regulation of TMEM16A by extracellular protons by assuming that protons interact with one binding site (S 1 ) according to the following scheme:
Thus the titration curve is described by:
where A is a scaling factor, n 1 is the Hill coefficient and K 1 is the equilibrium constant of protonation for S 1 . To build concentration-response curves we proceeded as follows: first the current recorded in the absence of Ca 2+ was subtracted from the current activated by a desired [Ca 2+ (Arreola et al. 1996) :
where EC 50,0 is the effective [Ca 2+ ] i needed to obtain halfactivation when V m = 0 mV, R is the gas constant, T is absolute temperature, z is charge, and F is the Faraday constant. To analyse the effect of extracellular protons on TMEM16A at different [Ca 2+ ] i , we assumed that the extracellular protons scaled Ca 2+ -and V m -dependent activation processes. Accordingly, the data were described by eqn (8) that is the product of the titration isotherm and the Hill equation that describes the concentration-response to calcium at different V m values.
Here n 2 is the Hill coefficient for the interaction between the channel and Ca 2+ .
Statistical analysis
Statistical analysis was performed with Origin 10. Significant differences among data were determined using the Student's t test with a level of significance of 0.01.
Results
Titration of TMEM16A by extracellular protons enables channel activation
We evaluated changes in whole-cell current traces recorded from TMEM16A expressed in HEK-293 cells exposed to a wide range of proton concentrations (10 −10 to 10
The experiments were always initiated by exposing the cells to a solution with [H + ] o = 10 −7.3 M (control condition); then the proton concentration was changed to a desired test value. Representative outwardly rectifying I Cl traces at three different proton concentrations are shown in Fig. 1A . I Cl was strongly reduced by decreasing the proton concentration from 10 −7.3 to 10 −9.0 M, while increasing the concentration to 10 −5.5 M increased the TMEM16A I Cl amplitude. Changes in I Cl amplitude were normalized to the control condition and are summarized in the I Cl vs. V m curves obtained at different proton concentrations (Fig. 1B) . Next we monitored I Cl kinetics while varying the proton concentration. In these experiments the activation (τ on ) and deactivation (τ off ) time constants of I Cl at each [H + ] o were determined using eqn (5) (Fig. 1C , black and red circles). Under control conditions, τ on at +120 mV was 194.2 ± 13.5 ms and it remained constant after varying the proton concentration between 10 −5.5 and 10 −10 M (average value = 214.8 ± 12.6 ms, dashed line). Similarly, τ off at −100 mV was 33.3 ± 2.1 ms under control conditions and it did not change between 10 −5.5 and 10 −9.0 M (average value = 32.6 ± 3.1 ms, dashed line).
Regulation of TMEM16A by external protons is independent of V m and conformational state
To analyse the V m dependence of TMEM16A regulation by protons we constructed titration curves at various V m using I Cl sampled from cells dialysed with 0.2 μM [Ca 2+ ] i (Fig. 2 ). In the range of +60 to +160 mV, the titration curves were nearly identical ( Fig. 2A) . Currents in untransfected cells were very small, but changing the extracellular proton concentration had an opposite effect on this current ( Fig show that the fractional effects of external protons on I Cl remained constant at all voltages ( Fig. 2B ). To quantify the effect of protons we used eqn (6) to fit the titration curve at +80 mV. The continuous red line is the best fit (Fig. 2A) ; the parameters from the fit are n 1 = 0.67 and
These data suggest that extracellular protons act on a site located outside the electrical field. The Hill coefficient n 1 indicates that activation of TMEM16A by depolarization is facilitated by protonating S 1 with approx. one proton with an apparent pK 1 (pk 1 = -Log K 1 ) of 7.4, which is close to the physiological extracellular pH. The lack of voltage dependence of the protonation event seems to contradict our previous report that showed voltage-dependent regulation of CaCC in Xenopus oocytes by external protons (Qu & Hartzell, 2000) . However, those experiments were carried out in the presence of 100 μM [Ca 2+ ] i , a saturating [Ca 2+ ] i that induces maximum channel activation. Therefore, we repeated our experiments in cells dialysed with 1.3 μM Ca 2+ and changed the proton concentration to 10 −5.5
and 10 −9.0 M (inset, Fig. 2B ). Under these conditions, we found a slight V m -dependent regulation of TMEM16A when [H + ] o = 10 −9 M that was quite similar to that reported for Xenopus oocytes.
Regions of the protein important for proton sensitivity could be exposed or concealed during conformational changes associated with channel gating as suggested for CLC-2 chloride channels (Arreola et al. 2002) . In addition, protons might have different effects depending on channel conformation. For example, open human melastatin transient receptor potential 2 (hTRPM2) channels are inhibited in a voltage-independent and irreversible manner by extracellular protons; however, closed channels are inhibited in a reversible manner (Yang et al. 2010) . Therefore, we investigated if protonation of J Physiol 595.5 TMEM16A channels was dependent on conformational state (open vs. closed). This idea was tested by using a 30 s pulse to +80 mV followed by a 5 s hyperpolarization to −60 mV and a 4 s depolarization to +80 mV (see upper panel in Fig. 3A ). The first depolarizing step brings the channels to the open state. Therefore, by changing the proton concentration during the long depolarization we could evaluate the effect of protons on open channels. The subsequent hyperpolarization to −60 mV closes the channels; the final part of the protocol re-opens the channels by depolarizing the cell again to +80 mV for 4 s. Hence by comparing the steady-state current amplitude before and after changing the proton concentration (grey dashed lines in Fig. 3) , we evaluated the effect of protons on the open state by measuring I Cl . Next we compared the current amplitude at the end of the first depolarization with the current amplitude during the second depolarization to evaluate the proton effect on channels that rapidly closed during the 5 s hyperpolarization step. The upper panel in Fig. 3A and B shows that I Cl reached a constant value during the first depolarization and current magnitude was the same during the second depolarization. Middle panels in Fig. 3 Fig. 3 ). Minor differences in the time needed for the current to level off after a solution change were observed (maybe reflecting the mixing of solutions with different pH), but overall the effects of external protons using this protocol were the same as those described in Fig. 1 . Thus, the extent of TMEM16A regulation by external protons was the same for open and closed channels. .5 (n = 7), 10 −6.0 (n = 11), 10 −7.3 (n = 54), 10 −8.0 (n = 8-10), 10 −9.0 (n = 3-6) and 10 −10.0 (n = 2). Asterisks ( * ) indicate significantly different (P < 0.01) from I Cl at pH 7.3. C, activation (τ on ) and deactivation (τ off ) time constants vs. proton concentration were obtained by fitting current traces recorded at +120 mV or tail currents recorded at −100 mV with eqn (5 Because the external proton concentration was changed over four orders of magnitude, we worried about the ability of Hepes to buffer intracellular protons. If the intracellular proton concentration changed, then the apparent Ca 2+ sensitivity of TMEM16A would vary because protons can compete with Ca 2+ for the same binding sites (Chun et al. 2015) . To rule out changes in the apparent Ca 2+ sensitivity of the channels we constructed a concentration-response curve to Ca 2+ at two different voltages, +100 and +60 mV. For these experiments, inside-out patches were sequentially exposed to 0.2, 0. Figure 4B shows that the concentration-response curves at +60 and +100 mV overlapped perfectly. At +60 mV, the EC 50 and Hill coefficient values obtained from fits with eqn (6) Fig. 4 ). Figure 5A shows that the I Cl,pHx /I Cl,pH7.3 ratios at different proton concentrations approached 1 as the [Ca 2+ ] i increased. This indicates that TMEM16A became less sensitive to external protons after the P o was increased by high [Ca 2+ ] i . This is in agreement with the idea that protonation modifies P o . Since the proton effect is independent of V m and does not change the apparent Ca 2+ sensitivity, we asked whether the magnitude of the regulation at ] i could be accounted for by assuming that TMEM16A activation is scaled when we change the extracellular proton concentration. If so, activation curves could be described using a titration function to describe the proton dependence multiplied by the Hill function to describe the concentration-response to Ca 2+ (see eqn (8)). Because calcium binding is a voltage-dependent process (Arreola et al. 1996) , the EC 50 of the Hill function is given by eqn (7). To test this idea, we analysed the normalized conductance obtained from cells dialysed with 0.2, 0.8 or 1.3 μM [Ca 2+ ] i and exposed to proton concentrations of 10 −5.5 , 10 −7.3 and 10 −9.0 M. In Fig. 5B Fig. 5B are fits with eqn (8).
In the equation, the titration parameters used are taken from the fit in Fig. 2A , and the parameters describing V m dependence of activation by Ca 2+ are taken from concentration-response curves obtained at +100 and +60 mV (Fig. 4B) , as well as other parameters previously reported at −80, −60 and +80 mV (Contreras-Vite et al. 2016) . Thus, the only free parameter in eqn (8) was A, the scaling factor. Remarkably, eqn (8) describes the data reasonably well (Fig. 5B, continuous lines) for extracellular proton concentrations covering more than three orders of magnitude.
Further support for the idea that external protons regulate TMEM16A P o was obtained after performing non-stationary noise analysis to determine both single channel current and open probability. For this analysis, whole-cell I Cl recorded using 50-100 steps to +80 mV from cells dialysed with 0.2 μM Ca 2+ was used. The currents obtained at each proton concentration (10 −5.5 , 10 −7.3 , or 10 −9.0 M) were averaged to get the mean I Cl (Ī). The time-dependent variance σ 2 (t) was calculated using eqn (1) as described in Methods. Figure 5C (inset) shows the parabolic behaviour of σ 2 vs.Ī. The relationship was fitted with eqn (2) to obtain i and N o . In control solution with [H + ] o = 10 −7.3 M, i was 0.11 ± 0.00 pA (n = 12). Lowering the proton concentration from 10 −7.3 to 10 −9.0 M or increasing it to 10 −5.5 M did not affect the TMEM16A single channel current; the values for i were 0.07 ± 0.02 pA (n = 4) and 0.12 ± 0.00 pA (n = 4), respectively. Finally, we used eqn (3) Ta et al. (2016) . As shown in Fig. 5C , P o decreased after exposing the cell to 10 −9.0 M H + (P o = 0.03 ± 0.00). In contrast, P o rose after the [H + ] o was set to 10 −5.5 M (P o = 0.41 ± 0.04). These changes in P o matched the titration curve at +80 mV shown in Fig. 2A (Fig. 5C, continuous line) suggesting that the two data sets are related. Taken together our results support the hypothesis that external protons modulate TMEM16A activity by changing the open probability of the channel. 
Residue E623 is essential for sensing external protons by TMEM16A
Glutamic acid, aspartic acid and histidine residues are critical for proton sensing in other channels such as ROMK, Orai2/STIM1, TRPV1 and CLC-2 (Chanchevalap et al. 2000; Jordt et al. 2000; Niemeyer et al. 2009; Tsujikawa et al. 2015) . Our data indicate that external protons modulate TMEM16A by titrating an external site with a pK value of 7.4. To identify putative titratable residues located on the extracellular side of the protein we built Cruz-Rangel et al. 2015; Whitlock & Hartzell, 2016a) and used a homology model for TMEM16A (see Fig. 8C ). All glutamic acid (E362, E368, E623, E624, E832, E843 and E848) and histidine (H402, H802, H807 and H849) residues were chosen for site-directed mutagenesis. In addition, we selected 4 out of 11 aspartic acids. Those residues included: D405 located at the extracellular end of transmembrane domain (TMD) 1, which borders the dimer cavity that is a potential ion pore; D612 located at the interfacial helix that connects TMD5 and TMD6 near the entrance to the hydrophilic cleft that we think might be part of the pore; D784 at the top of TMD9 in a region of the protein that we do not know much about functionally; and D856 at the top of TMD10 that may be involved in dimerization. Glutamate (E), histidine (H) and aspartate (D) residues were mutated to glutamine (Q), tyrosine (Y) and asparagine (N), respectively. Figure 6A shows families of I Cl traces obtained from mutant channels. Green traces are from histidine mutants, yellow traces are from aspartic acid mutants and red traces are from glutamic acid mutants. The colour code used is indicated on the topological model in Fig. 6A . Currents were recorded using the voltage protocol shown in Fig. 1A (upper panel). In some mutants a higher [Ca 2+ ] i was used to elicit a current of similar magnitude to that of WT channels probably because they had low expression levels. Mutants H402Y, H807Y, H849Y, D405N, D856N,  D612N, D784N , E362Q, E832Q, E843Q and E848Q were activated with 0.2 μM Ca 2+ , mutants E368Q, E623Q and E624Q were activated with 0.6 μM Ca 2+ and the H802Y mutant required 1.3 μM Ca 2+ . The analysis of the activation kinetics at +120 mV (Fig. 6B) revealed that H802Y and D612N were accelerated (τ on = 158.14 ± 3.9 and 139.72 ± 11.0 ms, respectively, vs. 194.2 ± 13.5 ms in WT) while the H402Y, H807Y, D405N, E368Q and E843Q mutant channels showed slower activation. Deactivation at −100 mV in mutants H802Y, H807Y, D405N, D856N , E368Q, E843Q and E848Q was slower than in WT channels (Fig. 6C) ; D612N, D784N and E623Q mutants displayed faster deactivation. Figure 7A shows the proton dependence of all 15 mutants and WT channels at +80 mV. Mutants H802Y, H849Y, D612N, D856N and E368Q displayed a moderate shift in their sensitivity to a high proton concentration
, which produces maximum activation of WT channels. Mutant D405N had the same sensitivity as the WT channel at low concentrations (10 −9 M) but its response to a high [H + ] o concentration (10 −5.5 M) was strongly reduced (Fig. 7A, middle panel) I Cl decreased to 22.4 ± 7% (Fig. 7A, right panel) . A detailed evaluation of different proton concentrations on the E623Q mutant is shown in Fig. 7B and C. Both the decrease of I Cl caused by low proton concentrations (10 −8.0
and 10 −9.0 M) as well as the potentiation caused by high proton concentrations (10 −5.5 and 10 −6.0 M) were strongly reduced (Fig. 7B, filled circles) when compared to WT (dashed line). Unlike the WT channels the titration curve for the E623Q mutant at +80 mV was shifted towards a lower proton concentration, the curve became more symmetrical, and was not described by a titration of a single site. By plotting I Cl,pHx /I Cl,pH7.3 vs. V m for the E623Q mutant we found that the proton effects were V m independent, except at a [H + ] o = 10 −5.5 and 10
where a moderate V m dependence was apparent (Fig. 7C) . These results pointed to a critical role of E623 in sensing external protons. To strengthen this idea, we introduced the conservative mutation E623D. We expected to see little or no change on the titration curve because the side chains of glutamic and aspartic acids have similar pK values. Indeed this was observed; the titration curve of E623D (Fig. 7C, open circles) H402Y  H802Y  H807Y  H849Y  D405N  D612N  D784N  D856N  E362Q  E368Q  E623Q  E624Q  E832Q  E843Q  E848Q  H402Y  WT  H802Y  H807Y  H849Y  D405N  D612N  D784N  D856N  E362Q  E368Q  E623Q  E624Q  E832Q  E843Q  E848Q D405N, D612N, D784N, D856N , E362Q, E368Q, E623Q, E624Q, E832Q, E843Q, and E848Q. For comparison the upper right panel shows the currents generated by the WT TMEM16A. The location of these residues in the external loops of TMEM16A is shown in the upper left schematic diagram. The colour of the residues in the diagram corresponds to the colour used for the recordings. Currents were elicited by using the voltage step protocol shown in Fig. 1 (H802Y) . B and C, activation and deactivation time constants calculated from currents recorded at +120 mV (τ on ) and tail currents recorded at −100 mV (τ off ) after a pre-pulse to +120 mV, respectively. n was: 4 (H402Y), 8 (H802Y), 11 (H807Y), 13 (H849Y), 11 (E362Q), 4 (E368Q), 10 (E623Q), 4 (E624Q), 6 (E832Q), 6 (E843Q), 8 (E848Q), 5 (D405N), 6 (D612N), 5 (D856N) and 6 (D874N). Statistically significant differences at P < 0.01 with respect to WT time constants at [H + ] o = 10 −7.3 M are indicated by asterisks.
J Physiol 595.5 channels (Fig. 7C, dashed line) 
Vm (mV) 0.6 μM Ca 2+ and of those only four patches were suitable for concentration-response curves at +100 mV. Our data indicate that Ca 2+ sensitivity is not altered by mutating E623; instead the expression level or trafficking may be compromised.
The data described above show that a change in the extracellular proton concentration alters the function of TMEM16A at depolarized voltages. Under physiological conditions, the [Ca 2+ ] i rises into the micromolar range, well within the concentration range tested in this work. However, most cells have a negative membrane voltage. Thus, to be potentially meaningful the external protons should affect TMEM16A currents at negative voltages in cells dialysed with physiological Ca 2+ concentrations. The data in Fig. 8A and B revealed that this was the case. A high external proton concentration induced a larger current at +80 and −60 mV in the WT channel exposed to 0.2 and 0.8 μM Ca 2+ (Fig. 8A) . In contrast, when the mutant E623Q channel was exposed to 0.6 μM Ca 2+ the external acidification decreased the current magnitude at +80 mV (Fig. 8B, upper panel) . At −60 mV with 0.8 μM intracellular Ca 2+ , the mutant channel was unable to respond to extracellular protons in the range of 10 −9
to 10 −5.5 M (Fig. 8B, lower ] i was used for both channels. C, the putative location of residues E623, D405 (in red), E368, D612, D856, H802 and H849 (pink) is shown in a homology model of mTMEM16A built using the nhTMEM16 crystal structure. A single TMEM16A monomer structure is shown using the ribbon representation. The left panel shows the structure perpendicular to the membrane plane while the right panel displays the structure after a 90 deg rotation along the z-axis (towards the viewer). TM6 contains vestibule residues G628-M632 and I636-Q637 and the E654 residue critical for Ca 2+ (pink sphere) stabilization in the Ca 2+ pocket (green). The structure on the right shows the inner surface of a supposed pore formed at the lipid-protein interface (yellow) and the inner surface of the dimer cavity (blue). 595.5 show that titration of TMEM16A holds potential physiological significance and that one of the residues essential for sensing external protons is E623.
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Discussion
In this work we demonstrate that increasing the extracellular proton concentration from 10 −10 to 10 −5.5 M enabled TMEM16A activation. Furthermore, we show that this effect is voltage independent, caused by changes in the apparent open probability of the channel, and due to protonation of extracellular residue E623. We find that TMEM16A I Cl is potentiated by increasing the extracellular proton concentration from a near physiological value to 10 −5.5 M. This potentiation is inhibited by increasing the [Ca 2+ ] i and yet the proton effect occurs without altering the apparent Ca 2+ affinity of TMEM16A. Interestingly, the titration curve of TMEM16A is nearly identical to that reported for CLC-2 Cl − channels (Arreola et al. 2002; Niemeyer et al. 2009 ). The pK value for TMEM16A is 7.4 (this work) and 7.3 for CLC-2 (Arreola et al. 2002) ; in both homodimeric channels the activation is facilitated by increasing the extracellular proton concentration and titrating key glutamic residues. In CLC-2, the proton dependency comes from titration of an intra-pore glutamate that acts as a fast gate (Niemeyer et al. 2009 ). In TMEM16A, titration of extracellular glutamate (E263) is relevant to proton sensitivity but it is unknown whether or not this residue is part of a gate.
Protonation of E623 does not account for every observation presented in this work. TMEM16A regulation by external H + results from protonation of several sites. For example, we find that the D405N mutant does not respond to high proton concentrations but has WT sensitivity at a low proton concentration (10 −9 M). The opposite is found for the E624Q mutant. Nevertheless, neutralization of E623 generates drastic changes in proton sensitivity in TMEM16A channels. The sensitivity of this mutant to both acidic and alkaline conditions is severely diminished, indicating a chief contribution from E623 to proton sensing. Additionally, within the TMEM16A amino acid sequence there are another seven aspartic acids (not mutated in this work) and seven cysteines that could also contribute to proton sensitivity.
In previous experiments, we used outside-out patches from Xenopus oocytes and saturating [Ca 2+ ] i to show that decreasing the [H + ] o from 10 −7 to 10 −9.5 M inhibited CaCC I Cl in a voltage-dependent manner (Qu & Hartzell, 2000) . In the present work we show that TMEM16A activity decreased after changing (Piper & Greenwood, 2003; Sung et al. 2016; Ta et al. 2016) 
Mechanism of regulation
Our data show that extracellular protons regulate the apparent open probability of TMEM16A. This conclusion is supported by our analysis of whole-cell data using a model that describes the apparent open probability of TMEM16A as the product of voltage-independent titration and voltage-dependent Ca 2+ activation. In this scenario, titration of TMEM16A fine tunes the apparent open probability. This simple idea describes channel regulation by proton concentrations of 10 −5.5 , 10 −7.3 and 10 −9.0 M in cells dialysed with 0.2, 0.8 and 1.3 μM [Ca 2+ ] i . Additionally, non-stationary noise analysis shows that single channel current is not altered by changing the proton concentration between 10 −5.5 and 10 −9.0 M; however, the open probability increased when the proton concentration was high and declined when the concentration was low. Remarkably, the open probability values determined by noise analysis followed the titration curve determined from whole-cell recordings. Thus, we conclude that extracellular protons regulate TMEM16A by a mechanism that involves changes in the apparent open probability.
To identify the possible locations of those residues that participate in the proton sensitivity of TMEM16A (H802, H849, D405, D612, D856, E368, E624 and E623) we used a homology model of TMEM16A (Fig. 8C ) built using the nhTMEM16 structure as a template (Brunner et al. 2014; Cruz-Rangel et al. 2015; Yu et al. 2015) . These residues are dispersed throughout the extracellular surface of the protein and too far away (for example, E623 and D612 are 17Å apart) to form clusters. Residue E623 is a key titratable residue for the regulation of TMEM16A by extracellular protons. This residue (shown in red) maps to the C-terminus of a short extracellular helix connected to TM6 near the entrance to the hydrophobic cleft (shown in yellow) that might be part of the pore (Whitlock & Hartzell, 2016a) . In contrast, D405, a residue that alters the acidic sensitivity of TMEM16A, is located on the opposite side of E623 near the dimer cavity shown in blue. Interestingly, when these residues were individually mutated, the channel was not potentiated by a high proton concentration as if the effects of these mutations were mutually excluding. The side chain of E623 is pointing toward the external media where it can be titrated. D405, in contrast, seems to be slightly buried in the protein.
Further down in TM6 is E654. This residue is responsible for stabilizing the Ca 2+ bound to the Ca 2+ pocket (green) formed by residues E702 and E705 (Yu et al. 2012; Tien et al. 2014) . Such a stabilization process should be critical for the channel to reach its open probability at a given [Ca 2+ ]. Whether titration of external E623 allosterically influences Ca 2+ stabilization in the pocket is unknown but such a scenario could help to explain our data. However, we did not find a statistically significant change in the EC 50 for Ca 2+ of the E623Q mutant channel, although the EC 50 tends to be larger for the mutant than for WT, 0.62 vs. 0.48 μM, respectively. Maybe subtle changes in the Ca 2+ sensitivity are translated into changes in open probability. More experiments are necessary to investigate this idea.
Physiological relevance
Notably, residue E623 is highly conserved evolutionarily; it is found in TMEM16 genes from Drosophila to mammals. It is also conserved in all vertebrate TMEM16 paralogues except TMEM16H and TMEM16K, including proteins with scramblase activity. Thus, the role of E623 in proton sensing could be of physiological relevance. A variety of physiological and pathological processes such as ischaemia or cancer progression involve alterations in extracellular pH (Chiche et al. 2010) . These changes in proton concentration have a direct impact on the functional properties of membrane receptors and ion channels. Our work shows that activation of TMEM16A was up-regulated when the protonation probability was high and the opposite was observed when the probability of protonation was low. This kind of regulation of TMEM16A could play a role in pain signalling. TMEM16A is co-expressed with the nociceptor TRPV1, a Ca 2+ channel that can be activated by heat, pain and acidic conditions (Tominaga et al. 1998; Jordt et al. 2000; Cho & Oh, 2013) . Moreover, it has been shown that protons can induce pain in humans (Jones et al. 2004) . Since TMEM16A can be potentiated by heat (Cho et al. 2012) , and here we show that TMEM16A is also potentiated by acidic media, it is conceivable that in some cells such as dorsal root ganglia neurons these two channels would work synergistically in sensing pain.
